Simultaneous and locally resolved determination of the mechanical stress variation and the free hole concentration using Raman spectroscopy is demonstrated in laser crystallized amorphous silicon layers. Such layers are often used for the fabrication of thin film solar cells, e.g., on borosilicate glass substrates. The combined effects of stress and doping on the Raman signal can be separated based on the use of three wavelengths in the visible. The results show that the free hole concentration in the samples investigated varies between 1 ϫ 10 18 and 1.3ϫ 10 19 cm −3 . Stress as well as the free hole concentration vary substantially within the sample. The stress level varies between 575 and 850 MPa ͑Ϯ12 MPa͒. Cross-sectional transmission electron microscopy images show the presence of extended lattice defects such as dislocations and grain boundaries in the crystallized Si layer which could account for the lateral stress variations detected by Raman spectroscopy. The impact of film inhomogeneity in terms of stress and doping on the performance of a solar cell will be discussed.
I. INTRODUCTION
Thin film solar cells ͑TFSC͒ are quickly becoming a popular alternative to the more costly crystalline silicon solar cells. While the latter experience better efficiency scales in comparison with TFSC, their cost does not justify continued high scale production. Therefore, optimizing TFSC to produce comparable efficiencies has been one of the main aims of the photovoltaics industry. Low cost solar cells based on amorphous silicon ͑a-Si͒ have not yet been able to perform in terms of efficiency as well as crystalline silicon wafer solar cells.
1 Therefore, a good compromise could be to crystallize a-Si thin films, e.g., on low-cost substrates like glass. This procedure has the advantage of using less of the high quality, low impurity silicon and, therefore, costs less. TFSC on glass are fabricated by starting with an a-Si seed layer that can easily and homogeneously be deposited by vapor phase deposition methods such as chemical or physical vapor deposition.
2 The a-Si is then crystallized in a second processing step to finally obtain a multicrystalline Si seed layer template for further solar cell processing. Crystallization of a-Si ͑preferably doped to a level that is needed according to the applied solar cell concept͒ can be carried out, e.g., by a furnace anneal 3 or by using a pulsed 4 or continuous wave ͑cw͒ laser 5 to supply the energy needed to take the a-Si layer from its metastable amorphous state to the stable crystalline state. In this paper we will report on cw-laser crystallized microcrystalline Si seed layers on glass closely resembling the material reported in. 6 The material is characterized by grains of different sizes depending on which region in the crystallized line, analysis is carried out. The center of the line shows larger grains than at the rims due to a diode laser energy profile within the laser focus. The material shows varying internal stresses and dopant concentrations depending on the local microstructure. The role of the laser crystallized layer for the TFSC is twofold: ͑1͒ it serves as a seed layer for further epitaxial thickening to form an entire solar cell composed of absorber, emitter, and contact layers all to be integrated on the glass substrate and all to be composed of multicrystalline Si ͑Ref. 6͒; ͑2͒ moreover, it serves as a highly doped contact layer that has metal like conductivities due to degenerate doping. Given these roles it is important to account ideally for the largest possible grain size with the least possible internal stresses and extended lattice defect densities, in addition to the highest possible homogeneity of dopants throughout the highly doped, multicrystalline seed layer. Thus, it is important to know the overall stress level that is incorporated in the laser crystallized layer. Stress is determined by the temperature dependent thermal mismatch between Si and the glass substrate 3 and by details of the thermal budget involved in the laser processing. Stress is also affected by the lattice defect population that is responsible for stress release or stress increase being locally superimposed by the overall internal stress induced by the thermal mismatch. 7 Internal stresses vary throughout the layer, interacting with lattice defects and affecting stress induced dopant diffusion and thus dopant inhomogeneity. 8 Quantifying the stress at or near different types of grain boundaries within the seed layer and correlating it with the dopant distribution permits optimizing the thin film material needed to fabricate high quality multicrystalline TFSC.
Secondary ion mass spectroscopy has been used as an established method in determining doping profiles in silicon due to its high sensitivity and reproducibility; however, it is destructive and time consuming and lacks good spatial resolution which is in the several square micrometer range at best. 9 Alternatively, x-ray diffraction is capable of determining stresses and doping in materials, 10 however, it also lacks spatial resolution and can be quite challenging to be applied to thin films. 11 Raman spectroscopy is a potential contender in simultaneously determining stresses and doping concentrations due to its high spatial resolution, repeatability, and nondestructive nature. 12, 13 The spatial resolution of Raman spectroscopy can be improved further, from the micrometer to the nanometer scale, by bevelling samples at very shallow angles ͑Ͻ0.5°͒ thereby acquiring high spatial resolution profiles at least in the direction of the wedge. 14 Previous studies have shown that heavy p-type doping, e.g., boron, in silicon results in Fano resonances which are characterized by the shifting of the Raman Si peak to lower wavenumbers as well as by a peak asymmetry on the higher wavenumber side of the peak. 15 For heavy n-type doping, e.g., by phosphorous, the peak asymmetry resides on the lower wavenumber side of the peak. 16 Peak asymmetry has been attributed to the overlap of the transition probabilities between continuum ͑electronic͒ and discrete ͑phonon͒ scattering. 17 The extent of peak asymmetry defined by the symmetry parameter q has been used by Cerdeira et al. 15, 18 and others 16, 19, 20 to directly determine the free carrier concentrations. However, there is a large discrepancy in literature between the symmetry parameters q stated for different dopant concentrations. Therefore, a calibration of the relation between the q parameters and the free carrier concentrations may need to be repeated.
First order Raman silicon peaks are largely influenced by grain orientation, 21 grain size, 22 stress, 12 and doping. 15, 23 Simultaneously quantifying stress, doping, grain size, and orientation is therefore not trivial. Silicon peak asymmetry characterized by the symmetry parameter q is determined by fitting the peak to the equation describing the Fano resonances 15 thereby giving a direct indication of the free carrier concentration. Peak shift due to stress can then be determined by eliminating the shift due to doping from the overall peak shift. Grain orientation can be determined by the difference in silicon peak intensity, acquired under variable polarization settings. 24 This work attempts to thoroughly investigate laser crystallized a-Si layers on glass, bevelled at very shallow angles ͑Ͻ0.2°͒, using Raman spectroscopy in order to isolate the various influences of doping and stresses from the characteristic silicon peaks, thereby precisely quantifying each contribution. It examines material homogeneity in terms of the uniformity of the doping concentration and the stress value, in order to detect potential performance deterioration of TFSC fabricated by laser mediated a-Si crystallization.
II. EXPERIMENTAL DETAILS
Two samples were used in this study; ͑1͒ a calibration sample to determine the relation between free carrier/dopant concentration and the symmetry parameter q and ͑2͒ the seed layer of a TFSC which is analyzed with respect to stress distributions and carrier concentration fluctuations within the crystallized a-Si layer depending on the local lattice defect structure/distribution/population.
The calibration sample was grown by depositing ϳ400 nm of a-Si with about 4 ϫ 10 19 cm −3 boron doping on a borosilicate glass substrate, Borofloat from Schott AG, 25 using electron beam evaporation at 200°C. The a-Si layer was crystallized with a LIMO line focus diode laser ͑line length: 1 cm at 130 m line width; wavelength: 808 nm; maximum power: 320 W͒ that shows a much more homogeneous energy profile especially along the crystallizing laser line 6 ͑discussed in Sec. III A͒. The calibration sample is used to correlate the symmetry parameter q to the respective first order Raman peak shift in silicon and to the free hole concentration. The sample was bevelled in order to expose areas with different doping thereby sufficiently spreading out the thin multicrystalline layer, exposing the interfacial area right next to the glass. It also accommodates for enough measurement points by Raman spectroscopy within each doping level. The bevelling procedure is described below in this experimental section and in Fig. 1 . The seed layer of the TFSC was grown by depositing about 532 nm a-Si layer with about 4 ϫ 10 19 cm −3 boron doping and was crystallized using a cw-diode laser 26 operating at a wavelength of 808 nm and a power of 4.2 W. The calibration sample and the analyzed sample were placed on a hot stage and heated to a temperature of 650°C and 610°C, respectively, to avoid layer or substrate cracking upon laser melting of a-Si and rapid resolidification. The scanning speed for the calibration sample and the analyzed sample was 3 cm/s and 25 mm/s, respectively, in ambient air during crystallization. Scanning was carried out with a high precision positioning stage. The applied laser power ͑given that the wavelength is fixed and the laser focus resides ideally on the sample surface and no cap or interfacial layers were used between the glass and the a-Si or on the a-Si layer͒, the temperature of the hot plate as well as the scan speed determine the grain size. 27 These parameters were chosen to prevent thin film damage at very high laser power since the diode laser crystallization process is unstable, the thinner the a-Si layer is. The instabilities occur due to two reasons. First, there is a tendency of dewetting when silicon is liquid. Dewetting is faster in thinner layers and leads to holes in the crystallized layer. Second, the absorption of a-Si, at least at room temperature, is low for the diode laser wavelength used so that only a part of the laser energy is effectively used to heat and eventually melt the a-Si. For the bevelling, the samples ͑calibration sample and seed layer of the TFSC͒ were placed on a wedge in a resin mold and bevelled using a Buehler polisher, mechanically then chemically for a smooth polish. The samples were bevelled in order to expose very thin layers over larger areas thereby, improving the depth resolution of Raman spectroscopy ͑Fig. 1͒. The bevel angle ␣ of the seed layer of the TFSC was less than 0.2°resulting in a stretching factor S͑␣͒ of about 320 ͑formula given in Fig. 1͒ . After bevelling, the samples were etched in diluted Secco etch 28 for 15 s to optically reveal grain boundaries and defects.
Raman measurements were taken with a Horiba Jobin Yvon LabRam system equipped with an Ar + ion laser ͑wave-lengths: 488 and 514 nm͒ and a HeNe laser ͑633 nm͒. These lasers were used for generating calibration curves correlating the symmetry parameter q with the silicon peak shift and the free carrier concentration. For the analyzed multicrystalline Si layers, the three lasers were used for acquiring maps of the same region to determine the distribution of stress and free hole concentration. The Raman curves of the same area appear differently taken with excitation at different wavelengths ͑Fano resonances are known to diminish with decreasing excitation laser wavelength 29 which means that the corresponding peak asymmetry becomes less pronounced͒ so that measurements with three different wavelengths result in three independent experiments. The penetration depth for the 633, 514, and 488 nm lasers are 2 -3 m, 770 nm, and 570 nm, respectively. 12 The Raman system was calibrated before each map acquisition in order to prevent accumulated time dependent machine drift. Low laser power ͑ϳ6 mW͒ was used in order to prevent localized sample heating which can result in significant peak shifts. [30] [31] [32] [33] The lateral step size of the map acquisition in the x-y direction was 2.5 m resulting in a projected depth resolution of 8-10 nm due to the shallow angle bevelling ͑Fig. 1͒. The error in peak position due to fitting is about Ϯ0.05 cm −1 ͑recorded for different fitting iterations͒ resulting in an equivalent error in stress of Ϯ12.5 MPa. Figure 2͑a͒ shows an optical image of the bevelled and laser crystallized seed layer ͑ϳ400 nm in thickness and 4 ϫ 10 19 cm −3 boron doped͒; the layer appears to be homogeneous at the displayed scale, i.e., no grain boundaries or defects are visible even after short defect etching with Secco etch. 28 Figure 2͑b͒ is a silicon peak asymmetry mapping, acquired with the 633 nm laser, depicting the distribution of the free hole concentration in the bevelled seed layer of the calibration sample. Lighter regions experience higher peak asymmetry, on the high wavenumber side of the peak, i.e., according to the boron doping used, in comparison with the darker regions. This implies that lighter regions have higher free hole concentrations as opposed to the darker regions, i.e., the nominally homogeneous starting doping level is smeared out from the glass/Si interface toward the sample surface. The smearing out occurs during laser liquifying of the a-Si and its recrystallization. The homogeneous doping profile lines perpendicular to the wedge, parallel to the focus line show that, laterally, the energy intake and doping redistribution upon crystallization was very homogeneous. Due to bevelling the initially ϳ400 nm thick layer appears to be about ϳ40 m thick. The symmetry parameter q in lines of identical color ͑i.e., identical asymmetry of the peak and thus free hole concentration͒ was extracted by fitting the silicon peak to the equation describing the Fano resonances which is given by 18 
III. RESULTS AND DISCUSSION

A. Calibration sample
I
where I is the peak intensity ͑a.u.͒ along the y-axis, ⍀ is the wavenumber ͑cm −1 ͒ along the x-axis, ⍀ MAX is the silicon peak position under the influence of doping, I 0 is a scaling factor, b is baseline correction, and ⌫ is the peak width ͑cm −1 ͒. Figure 3 shows the silicon peaks extracted at four
͑Color online͒ ͑a͒ Optical image of the beveled calibration sample ͓ϳ400 nm crystallized a-Si on borosilicate glass ͑Ref. 25͔͒ after Secco etching showing the homogeneity of the sample ͑no grain boundaries and other defects͒ and ͑b͒ the Raman peak asymmetry map of the beveled calibration sample, acquired using the 633 nm laser, showing the variation in the free hole concentration within the sample depth. Points marked on the mapping indicate the areas for which the symmetry parameter q was extracted and correlated with the corresponding silicon peak position and free carrier concentration ͑see Figs. 4 and 5͒.
FIG. 3. First order Raman
Si peaks extracted at different points on the beveled calibration sample captured with the 633 nm laser. As the doping increases, the peak asymmetry increases ͑Fano resonances͒ while the peak intensity decreases. different points on the sample ͓marked in Fig. 2͑b͔͒ . As expected, the silicon peaks become more asymmetric with an increase in doping and the peak intensity decreases accordingly. Peak asymmetry maps similar to that in Fig. 2͑b͒ were also acquired with the 488 and 514 nm lasers. Figure 4͑a͒ shows the correlation between the symmetry parameter q and the respective silicon peak positions extracted from the three maps taken at different excitation wavelengths at the same area. This peak shift is considered to be due to doping only, i.e., the sample is assumed to be stress free due to the sample homogeneity which is observed in Fig. 2͑a͒ . During the crystallization process, the sample stage is set to about 610°C so that the borosilicate glass softens to accommodate the stresses incorporated in the crystallizing a-Si layer and the substrate ͑glass͒ during the melting and cooling process. Extrinsic stress which could be introduced to the sample as a result of any thermal mismatch between the borosilicate glass and the crystallized a-Si is about 3 MPa ͑Ref. 34͒ which falls within the experimental error of the Raman measurements.
The expected theoretical peak shift due to doping was also determined using the experimentally fitted parameters and the following equation
where ⍀ 0 is the peak position for bulk undoped and stress free silicon ͑cm −1 ͒ and ⌬⌫ is the change in peak width due to doping ͑cm −1 ͒. Comparison between Figs. 4͑a͒ and 4͑b͒ shows that the trend in peak shift with respect to q between the experimental and the theoretical curves agree, although, the experimental peak shift due to doping is higher than the estimated theoretical peak shift. This difference could be explained by the approximations that are usually applied to simplify theoretical calculations. For low values of q ͑i.e., high doping͒, the silicon peak position decreases, however, it saturates with increasing q ͑i.e., low doping͒. Fano resonances are known to diminish with decreasing excitation laser wavelength 29 which means that the corresponding peak asymmetry becomes less pronounced. This is because the dependency of the electronic and phonon scattering on the excitation laser wavelength is different, thereby causing the ratio of the interaction between the scatterings to change with wavelength. 29 Therefore, the correlation between q and the respective silicon peak positions acquired using the different lasers is not the same.
Figures 5͑a͒-5͑c͒ correlate the q parameters acquired with the 488, 514, and 633 nm lasers, respectively, at the points shown in Fig. 2͑b͒, to of q between literature and the current work. As can be seen, the trend line shows a linear dependence between the free hole concentration and the inverse symmetry parameter q for all the three laser wavelengths. The slope for the 488 nm laser is the steepest followed by the one for the 514 and 633 nm lasers. Doping in the calibration sample decreases gradually toward the sample surface and varies from 6.5 ϫ 10 18 cm −3 ͑point 8͒ to 5 ϫ 10 19 cm −3 ͑point 1͒. These calibration curves can then be used to estimate the free hole concentration using the values of q acquired from other samples with any of the three lasers. As an example of technological interest for future TFSC concepts, the cw-diode laser crystallized silicon seed layer of a TFSC was analyzed. Figure 6 shows optical images of the bevelled and Secco etched laser crystallized a-Si seed layer. As can be seen in Fig. 6͑a͒ , grains of various sizes form with larger grains residing in the laser crystallized line center where the energy tends to be maximum and smaller grains forming at the line rims where energy of the crystallizing laser beam is smaller according to the laser beam Gaussian energy profile. In the line center the grain size varies in the range of 10-100 m depending on growth anisotropy of grains of different orientation. The overall size of the large center grains is determined by the highest energy density there and thus the lowest cooling rate as well as the lowest nucleation rate. 5 Consequently, low heat density at the rim of the laser line results in faster cooling rate and therefore smaller grains ͓Fig. 6͑b͔͒. Since most of the grain boundaries are recombination centers for carriers that are created by photons of sufficiently high energy 35 these extended defects deteriorate the solar cell performance and therefore should be avoided. Therefore, during laser crystallization, a sufficiently large overlap between laser crystallized lines needs to be maintained, in order to avoid the small grained areas. Thus, ideally a line focus laser as the one used to crystallize the calibration sample rather than a spot focus ͑with a Gaussian profile͒ are ideal to obtain large grained, low defect density, and homogeneously doped material. 6 For our Raman experiment, however, the test sample with well separated Gaussian spot focus laser lines is a good enough model sample, especially to study the interplay of lattice defects such as grain boundaries with dopant segregation and stress states related to such extended lattice defects. Figure 6͑c͒ shows the grain structure in our model sample, where the crystallized stripes are about 50 m apart thus showing there was no overlap between successive laser line scans. Figure 7͑a͒ shows the optical image of the Raman mapped region that was analyzed for doping and stress. Figure 7͑b͒ shows the peak intensity map captured with the 514 nm laser. Similar maps of the same region were acquired using the 488 and 633 nm lasers. Polarization measurements were used in order to easily identify grain boundaries within the mapped region, since Raman peak intensities depend on grain orientations next to its dependence on stress and doping levels. 21 As can be seen, the Raman peak intensity map agrees well with the grain boundaries visible in the optical image. Points marked on the intensity map refer to the areas that were analyzed for precise free hole concentration and stress quantification.
B. TFSC seed layer
Free hole concentration
Peak asymmetry maps showing the distribution of the free hole concentration in the seed layer are shown in Figs. 8͑a͒-8͑c͒ captured with the 488, 514, and 633 nm lasers, respectively. The distributions of the free hole concentration captured with the three lasers agree even though the peak asymmetry decreases with the excitation laser wavelength. However, there is a slight machine table drift which is depicted in the maps as an offset in the captured patterns. There does not seem to be any evidence of dopant distribution dependency on the grain boundaries. As can be seen in Fig. 8 , the free hole concentration in the captured maps varies between 1 ϫ 10 18 and 1.3ϫ 10 19 cm −3 . This range is much lower than that intended during processing ͑4 ϫ 10 19 cm −3 ͒. However, the variation in doping within the 35ϫ 40 m 2 mapped area by about one order of magnitude shows the severity of the doping inhomogeneity. This range is reproducible in all the three maps thus showing that the measurements are reproducible with the three lasers within experimental error. Carrier concentration values were extracted by correlating the q parameters, extracted from the peak asymmetry maps, to the calibration curves in Fig. 5 . Figure 9 shows the Raman spectra captured with the 633 nm laser at points 9 and 10 ͓marked in Fig. 7͑b͔͒ where there is evidence of increase in peak asymmetry due to higher doping at point 10 ͑1.3ϫ 10 19 cm −3 ͒ in comparison with point 9 ͑2 ϫ 10 18 cm −3 ͒. The peak intensities have been normalized to clarify the difference in peak asymmetry.
Stress variation
After determining the distribution of the free hole concentration, ten points were chosen for the evaluation of the stress distribution. Each peak had to be individually fitted using Eq. ͑1͒ in order to determine the contribution of the doping ͑from q͒ to the peak shift using Fig. 4͑a͒ . The remaining peak shift was attributed to stress. Assuming biaxial isotropic stress, it was calculated using the following equation 12 = 250 ϫ ⌬͑MPa͒ ͑ 3͒
where is the stress and ⌬ ͑cm −1 ͒ is the silicon peak shift due to the stress. Table I shows the experimental stress values extracted at the ten points in each of the three mappings acquired using the 488, 514, and 633 nm lasers. As can be seen, the stress values extracted from the maps captured with the three lasers agree to a large extent. There is a variation of about 275 MPa in stress within the mapped region showing evidence of lateral stress gradients across the sample. Stress in the sample occurred mainly due to stress fields induced by extended lattice defects such as dislocations and grain boundaries. 36 The laser crystallization process was conducted such that the thin silicon layer on the glass substrate could crystallize at the heating stage temperature at above 610°C, a value for which the borosilicate glass is above its annealing point so that the glass can accommodate any stress that may arise due to the difference in the coefficients of thermal expansion. In the presence of any thermal ͑extrinsic͒ stress between the thin film layer and the substrate due to the difference in the coefficient of thermal expansion between the two, 25,37,38 the extrinsic stress can be calculated theoretically using the following equation
where a f and a s are the average coefficient of thermal expansion of the film ͑silicon͒ and the substrate ͑glass͒, respectively. E f is Young's modulus of the film ͑1.69ϫ 10 11 Pa͒, y p is Poisson's ratio ͓0.27, for Si͑111͔͒, and ⌬T is the difference between room temperature and the temperature at which the glass substrate turns soft/liquid. For borosilicate glass this temperature is the annealing point at 560°C ͑Ref. 25͒ at which the glass can accommodate the thermal stresses produced inside it as well as in the crystalline Si layer. Using Eq. ͑4͒, the theoretical overall, extrinsic stress due to the thermal mismatch between the Si layer and the glass substrate is about 3 MPa ͑Ref. 34͒ which is within the experimental error of the Raman measurements. The stress values shown in Table I taken at the ten measurement points indicated in Fig. 7͑b͒ show values that range between approximately 580 and 850 MPa ͑Ϯ12 MPa͒. These values occur due to the local grain boundary structure and stress fields induced by extended lattice defects such as dislocations. The stress values differ when taken at the three different excitation wavelengths due to the slight stage drift between the three measurements resulting in a neighboring region ͑i.e., not exact points between the three maps͒ at which the stresses were extracted.
Electrical measurements
In order to analyze the electrical conductivity of the seed layer, current-voltage ͑I-V͒ measurements were carried out using a Semiconductor Parameter Analyzer HP4156B by forming a direct contact with micromanipulators. The contact distance between the micromanipulators on the layer was kept fixed at 1 mm for all the measurements. Before performing the measurements, the sample ͑before beveling and Secco etching͒ was put into HF ͑2%͒ dip for about a minute to remove the native oxide that has formed during the laser crystallization process. Figure 10͑a͒ shows the optical microscopy image of the laser crystallized seed layer. The numbers ͑1 and 2: laser crystallized strips, 3 and 4: edge of the strips͒ indicate the area where electrical measurements were performed. Figure 10͑b͒ illustrates the two-point I-V curves measured at different areas on the layer ͓corresponding to Fig. 10͑a͔͒ . The inconsistency of the plots can be ascribed to the varying grain sizes and the density of grains, presence of defects, and the inhomogeneity of the doping distribution at different areas of the layer as deduced from Raman doping mappings. As expected, a relatively better electrical conductivity was measured at the crystallized stripe where the grains are large ͑plot 1͒. However, the conductivity decreased with a decrease in grain size ͑see plot 2͒. This may be attributed to the increased carrier scattering at grain boundaries that is more pronounced in the small grained areas of the crystallized lines ͑plot 2͒. Similarly, we obtained even lower electrical conductivity at the edges of the stripes ͑plots 3 and 4͒ where even smaller microcrystals were formed, i.e., where the grain boundary density was even higher. Unfortunately, a more reliable four-point I-V measurement could not be carried out due to the very large surface roughness of the sample which is a result of the melt mediated crystallization process ͑a volume increase occurs upon crystallization so, that surface bumps form at points where the melt crystallizes the latest͒.
Cross-sectional transmission electron microscopy
"XTEM… investigations XTEM investigations were carried out to check the homogeneity of the laser crystallized seed layer. As seen in the showing four points at the rims and centers of the crystallized laser line at which two-point I-V curves were captured and ͑b͒ I-V curves taken at four points showing lower electrical conductivity at points 3 and 4 in comparison with points 1 and 2; this fact can well be attributed to the grain sizes involved and the dopant concentration variation at the different measurement points. I-V measurements in the amorphous green stripe, between the laser crystallized lines, are not plotted as the measured current was too low to be visible on the same axis.
XTEM image of Fig. 11 , the crystallized layer is about 500 nm thick with some of the defects extending throughout the layer, from the glass substrate to the layer surface. Figure 11 shows straight grain boundaries that are determined to be twin boundaries, the most commonly present defect in laser crystallized silicon. 6 Other grain boundary types such as random grain boundaries and coincident site lattice boundaries 35, 40 are also present in the material and are perceived to be more harmful for the solar cell. These grain boundaries have a higher recombination activity of carriers and are often superimposed by additional dislocation networks 36 that accommodate internal stress and that are usually highly recombination active themselves. 41 The circular defects in Fig. 11 are dislocations/dislocation loops that also form to accommodate stresses and that are characterized by a stress field themselves.
C. Discussion of experimental results
Using Raman spectroscopy we determined inhomogeneous free hole concentration distributions and inhomogeneous stress distributions in cw-diode laser crystallized a-Si layers on glass substrates that are used in novel thin film silicon solar cell concepts on glass. 6 We find extended lattice defects such as dislocations, dislocation networks, and grain boundaries of various types in the present multicrystalline silicon thin film material. These lattice defects are found to affect the local stress states in the layer and the local dopant distribution in a sense that they cause inhomogeneous distributions of both. The inhomogeneous free hole concentration distributions as well as stress distributions together with the presence of extended lattice defects in the seed layer of the TFSC all have a negative effect on the overall solar cell efficiency. Therefore, having a robust method that can simultaneously determine the distribution of the free hole concentration and stresses in the layer quantitatively can help in finding out recipes that create material which keep these stresses and free hole concentration variations to a minimum. Optimizing the seed layer fabrication is vital for the entire performance of the solar cell as lattice defects can extend from the seed layer to the epitaxial layers grown during further processing.
IV. CONCLUSIONS
Raman spectroscopy is used to simultaneously determine local stress states and free carrier concentration distributions in thin ͑Ͻ500 nm͒ multicrystalline silicon layers on glass.
First, calibration curves correlating the free carrier concentration to the symmetry parameter q ͑which describes the peak asymmetries induced by the Fano resonances that occur at high doping levels-Ͼ10 19 cm −3 ͒ were generated for three laser wavelengths. These calibration curves were then used in quantifying the free hole concentration in the laser crystallized seed layer used as part of a TFSC concept. Second, the peak shifts due to doping were isolated from those due to stress, thereby also allowing the quantification of the stress distribution in the layer. The laser crystallized seed layer experiences stress gradients induced by the local grain boundary structure/population which were as high as ϳ850 MPaϮ 12 MPa. XTEM investigations confirmed that local stress gradients were most likely due to lattice defects since the laser crystallization experiment was carried out in such a way that the overall extrinsic thermal mismatch induced stress should be very low, of the order of about 3 MPa at most. The free hole concentration within the seed layer was not uniform either; it varied from 1 ϫ 10 18 to 1.3 ϫ 10 19 cm −3 . Electrical measurements showing the twopoint I-V curves of the seed layer demonstrated nonuniform electrical conductivity thus confirming the inhomogeneous distribution of doping and therefore the free hole concentration within the layer. All the aforementioned effects, defects, grain boundaries as well as the variation in stress and doping, may have an adverse effect on the progressive layers that are grown epitaxially on the seed layer in all silicon on glass TFSC technologies resulting in their performance degradation.
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